Background and purpose Previous studies have shown that physical inactivity and obesity are risk factors for the development of colorectal cancer. However, controversy exists regarding the influence of these factors on survival in colorectal cancer patients. We evaluated the impact of recreational physical activity and body mass index (BMI) before and after colorectal cancer diagnosis on diseasespecific mortality and all-cause mortality. Patients and methods This prospective cohort study included 1,339 women enrolled in the Women's Health Initiative study who were diagnosed with colorectal cancer subsequent to study enrollment. BMI and recreational physical activity were measured before cancer diagnosis at study entry (pre-diagnostic) and after diagnosis at study follow-up interviews (postdiagnostic). We used Cox regression to estimate the association between pre-and post-diagnostic exposures and survival after colorectal cancer diagnosis. Results Among women diagnosed with colorectal cancer, 265 (13 %) deaths occurred during a median study follow-up of 11.9 years, of which 171 (65 %) were attributed to colorectal cancer. Compared with women reporting no pre-diagnostic recreational physical activity, those reporting activity levels of C18 MET-h/week had significantly lower colorectal cancer-specific mortality (hazard ratio (HR) = 0.68; 95 % confidence interval (CI): 0.41-1.13) and all-cause mortality (HR = 0.63; 95 % CI: 0.42-0.96). Similar inverse associations were seen for post-diagnostic recreational physical
Introduction
Colorectal cancer is the third most common type of cancer among women in the United States and has a five-year relative survival of approximately 65 % [1] . Previous studies have shown that modifiable lifestyle-related factors, including low levels of physical activity [2] [3] [4] [5] and obesity [6] [7] [8] [9] , are associated with colorectal cancer risk in women. The relationship between these factors and survival after diagnosis has also been explored by some studies, with mixed results .
The few studies that have assessed the association between physical activity and colorectal cancer survival suggest that patients who engage in regular physical activity after diagnosis experience more favorable survival than those who do not [10] [11] [12] [13] . However, most studies evaluating the association between physical activity and colorectal cancer outcomes have focused on post-diagnostic physical activity [12, 13] . Results of such analyses could reflect reverse causality if women with a more favorable prognosis to begin with are better able to participate in physical activity or, conversely, women with poor underlying health or a poor prognosis are unable to exercise.
The association between body mass index (BMI) and survival among colorectal cancer patients is less clear [10, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . There is some evidence that elevated BMI is adversely related to survival [10, [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, other studies that assessed the association between BMI and survival have reported no association [23] [24] [25] [26] [27] [28] or an inverse association [29] [30] [31] . These conflicting results may reflect differences in sample size, patient and tumor characteristics, or the timing or mode of BMI assessment.
In this study, we assessed the association between recreational physical activity, BMI, and survival in postmenopausal women with colorectal cancer using data from the Women's Health Initiative. Baseline and followup questionnaire information were used to evaluate the associations of pre-diagnostic physical activity and BMI with colorectal cancer-specific and all-cause mortality in colorectal cancer patients. We also evaluated associations between post-diagnostic measures of these exposures with survival outcomes.
Materials and methods

Study population
The Women's Health Initiative (WHI) is a large, multicenter longitudinal study consisting of four overlapping clinical trials (n = 68,132 women) of hormone therapy, dietary modification, and/or calcium and vitamin D supplementation and an observational study (n = 93,676 women). The WHI was designed to study major causes of morbidity and mortality in post-menopausal women. A total of 161,808 women were enrolled at 40 US clinical centers between October 1993 and December 1998. Women eligible to participate were post-menopausal, aged 50-79 years, and likely to be accessible for follow-up for three years or more. Details of the study protocols have been described elsewhere [32] . Participants provided written informed consent, and protocols were approved by institutional review boards at all participating institutions.
The present analysis included 2093 women enrolled in the observational study (n = 1151) or clinical trials (n = 942), who were diagnosed with an invasive, histologically confirmed colorectal cancer during the study period. Women with a history of cancer (with the exception of non-melanoma skin cancer) prior to the WHI enrollment (n = 280), women with a BMI \ 18.5 kg/m 2 (n = 8), and women diagnosed with unknown-or distant-stage disease (n = 316) were excluded from all analyses. The latter exclusion was made based on concerns that occult disease could have influenced body size and physical activity patterns. Women with a BMI \ 18.5 kg/m 2 were excluded because of concerns of underlying health problems associated with survival. For analyses of pre-diagnostic physical activity and BMI, we also excluded women with incomplete or missing data on physical activity, BMI or covariates at baseline, as well as women who died within a year after the collection of baseline exposure information (n = 150). Thus, 1,339 (64 %) women with incident colorectal cancer were included in the analyses of prediagnostic physical activity and BMI.
We assessed associations with post-diagnostic physical activity and BMI in a subset of women included in analyses of pre-diagnostic exposures. Women were excluded from analyses of post-diagnostic exposures if they had missing data on post-diagnostic exposures (n = 668 for physical activity analysis and n = 564 for BMI analysis), were diagnosed with colorectal cancer after the 6-year study follow-up interview (n = 29 for physical activity analysis and n = 159 for BMI analysis), died within 1 year of postdiagnostic exposure measurement (n = 30 for physical activity and n = 25 for BMI analysis), or had a post-diagnostic BMI \ 18.5 kg/m 2 (n = 6 for physical activity and n = 4 for BMI analysis). Thus, 606 (45 %) women were included in analyses of post-diagnostic physical activity and 587 (44 %) in analyses of post-diagnostic BMI.
Data collection
Information on demographic factors, medical history, and family history of colorectal cancer was collected through self-administered questionnaires completed at the time of study enrollment (baseline). Information on previous postmenopausal hormone therapy use was collected through in-person interviews.
Certified staff collected anthropometric measurements, including height and weight, at a baseline clinic visit. Weight was measured on a calibrated balance-beam scale or digital scale with shoes, heavy clothing, and pocket contents removed. Height was measured using a wallmounted stadiometer. BMI was calculated as weight in kilograms divided by the square of the height in meters (kg/m 2 ). Weight and height were also measured annually for women participating in the clinical trial and at year three for women in the observational study during a clinic visit. For women in the observational study, weight and height measurements after year three were based on selfreport and collected on an annual basis.
Self-reported recreational physical activity was assessed by a validated questionnaire at baseline and at 3-year and 6-year study follow-up visits [33] . Women were asked about their usual frequency and duration of mild recreational exercise (including slow dancing, bowling, and golf), moderate exercise (including outdoor biking, exercise machines, calisthenics, easy swimming, and popular or folk dancing) and strenuous exercise (including aerobics, jogging, tennis, and swimming laps). To characterize the duration of recreational physical activity, women chose 1 out of 5 frequency categories of exercise ranging from never to 5 or more days per week. Participants were also asked how often they walked outside for more than 10 min (ranging from never to 7 or more times each week), the usual duration of their walking episodes, and their usual walking speed (casual strolling, normal, fairly fast, or very fast). Recreational physical activity was expressed as total MET-hours (metabolic equivalents) per week. MET-scores are defined as the ratio of the metabolic rate associated with specific activities divided by the resting metabolic rate; one MET is the energy expenditure for sitting quietly. MET values were assigned for strenuous-, moderate-, and mild-intensity activities (7, 4 , and 3, respectively) and multiplied by the hours exercised at that intensity level per week to obtain composite MET-hours per week variables for each intensity level and for all intensity levels combined [34] . The validity of the physical activity questionnaire was previously examined by comparing the questionnaire with accelerometer data, indicating a correlation of 0.73 with 100 % sensitivity for meeting the current physical activity guidelines [33] . The reproducibility of the physical activity questionnaire was also assessed and ranged from 0.53 to 0.72 with an intraclass correlation coefficient for total physical activity equal to 0.77 [35] .
Ascertainment of cancer mortality
The primary endpoints for the present analysis were colorectal cancer-specific mortality (defined as death attributed to colorectal cancer) and all-cause mortality (defined as death from any cause). Vital status was ascertained through follow-up with study participants and surrogates and through regular linkage to the National Death Index. Cause of death was determined based on the centralized review of death certificates and medical records by trained physician adjudicators [36] .
Statistical analysis
We conducted separate analyses assessing the association between pre-diagnostic physical activity, BMI, and survival after colorectal cancer diagnosis, and the association between post-diagnostic physical activity, BMI, and survival. For analyses of pre-diagnostic exposures, we used physical activity and BMI measurements collected at baseline study visits. For post-diagnostic analyses, the physical activity and BMI measurement collected at the study interview most closely following colorectal cancer diagnosis were used. Follow-up ended at death or on 30 September 2010, whichever came first.
For pre-and post-diagnostic physical activity analyses, the total MET-hours/week from recreational physical activity and walking were combined into five different categories corresponding to no recreational physical activity (i.e., 0 MET-h/week) and the quartile distribution of METhours/week among those who reported recreational physical activity ([ 0-2.9 MET-h/week, 3.0-8.9 MET-h/week, 9.0-17.9 MET-h/week, and C18.0 MET-h/week), consistent with a prior analysis conducted within the WHI [37] . In addition, we explored the association with different classes and intensity of physical activity including mild-, moderate-, and strenuous intensity physical activity. Separate analyses were conducted with and without walking included in the calculation of physical activity variables.
For analyses of pre-and post-diagnostic BMI, women were categorized according to established classifications of normal weight (18.5-24.9 kg/m Cox proportional hazards regression with time from diagnosis as the underlying time variable was used to obtain multivariate HRs and corresponding 95 % CIs. A bivariate analysis was performed to identify factors associated with the study outcomes and exposures of interest Cancer Causes Control (2012) 23:1939-1948 1941 that altered the effect estimates by at least 10 %. This resulted in the inclusion of the following variables in the final model: baseline age (50-54, 55-69, 70-79), study arm (observational study, clinical study), tumor stage (localized, regional), ethnicity (white, non-white), education (less than high school, high school graduate, college degree or higher), alcohol (non-drinker, former drinker, current drinker: \7 drinks per week, C7 drinks per week), and smoking (current smoker, former smoker, never smoker at baseline). We also adjusted for self-reported current use of post-menopausal hormone therapy at baseline (no current use, current use of estrogen only, or combined estrogen-progestin hormone therapy), including all women assigned to one of the active arms of the WHI hormone therapy trials as current hormone therapy users. Post-diagnostic physical activity and BMI analyses were further adjusted for time between baseline measurement and diagnosis. In addition to the above variables, tumor grade, income, first-degree relative with colorectal cancer, diabetes, total energy intake, percent energy from fat, fruit and vegetable intake, and history of colonoscopy, and/or blood test screening were also assessed as potential confounders. However, inclusion of these variables did not change parameter estimates by more than 10 %, and thus, these variables were not included in the final model. Tests for linear trend across categories were calculated by modeling categorical variables of MET-hours/week or BMI as ordinal variables. Significance was assumed when P \ 0.05. Proportional hazards assumptions were verified for all analyses. The Kaplan-Meier method was used to analyze survival, and differences were assessed by the log-rank test. All analyses were carried out in SAS version 9.2 (SAS Institute Inc.).
Results
Baseline characteristics
Of 1339 women with colorectal cancer eligible for analyses of pre-diagnostic physical activity and BMI, 265 (13 %) died during a median study follow-up of 11.9 years (interquartile range 10.9-12.9); of those who died, 171 (65 %) died due to colorectal cancer. Baseline characteristics across pre-diagnostic physical activity and BMI measurement are shown in Table 1 . Compared with women in the lowest category of pre-diagnostic recreational physical activity, women who were more active were more educated and were more likely to be white and to be alcohol drinkers. Obese women were less likely to be current hormone therapy users or current drinkers.
Pre-diagnostic exposures
The median time between pre-diagnostic physical activity measurement and colorectal cancer diagnosis was 5.6 years (interquartile range: 2.9-8.4). The Kaplan-Meier curves showed significant differences between the groups of recreational physical activity in all-cause survival (log-rank p = 0.05), but a non-significant difference in colorectal cancer-specific survival (log-rank p = 0.001) (Fig. 1C, D) . In multivariate analyses, women with a pre-diagnostic physical activity level C18.0 MET-h/week had a lower colorectal cancer-specific mortality (HR = 0.68; 95 % CI: 0.41-1.13, p trend = 0.08) and all-cause mortality (HR = 0.63; 95 % CI: 0.42-0.96, p trend = 0.02) compared to women who reported no physical activity ( Table 2 ). This association was most prominent in women with a normal BMI (18.5-24.9 kg/m 2 ) (HR = 0.42; 95 % CI: 0.20-0.87; p trend = 0.02). There was no evidence of effect modification by age or tumor stage (results not shown). Among women who reported a physical activity level of 9-17.9 MET-h/ week, there was a modest, although non-significant, decrease in colorectal cancer-specific mortality (HR = 0.74; 95 % CI: 0.46-1.20) and all-cause mortality (HR = 0.77; 95 % CI: 0.52-1.12). To address the potential impact of occult disease on physical activity level, we excluded patients who were diagnosed with colorectal cancer within 6 months of pre-diagnostic physical activity measurement; this exclusion had little impact on observed associations (data not shown). No difference in the associations was seen when using different classes and intensities of physical activity or when adjusting associations further by stage at diagnosis (results not shown).
The median time between baseline BMI measurement and colorectal cancer diagnosis was 5.8 years (interquartile range: 3.0-8.5). No significant association was seen between increasing BMI and colorectal cancer-specific or all-cause mortality (p trend = 0.39; and p trend = 0.22, respectively). In the Kaplan-Meier method, the non-significant effect of BMI and all-cause survival and colorectal cancer-specific mortality was also evident (log-rank p = 0.17; and log-rank p = 0.21, respectively) (Fig. 1A, B) . Results were similar when evaluating associations with the BMI measurement most closely preceding diagnosis instead of baseline BMI and when further adjusting for stage at diagnosis (data not shown).
Post-diagnostic exposures
The median time from diagnosis to post-diagnostic physical activity measurement was 1.5 years (interquartile range: 0.8-2.3). There was a statistically significant trend toward lower colorectal cancer-specific mortality (p trend = 0.02) and all-cause mortality (p trend = 0.005) with increasing levels of physical activity (Table 3) . After adjustment for potential confounders, women with a physical activity level at or above 18 MET-h/week had a 71 % lower risk of colorectal cancerspecific mortality (95 % CI: 0.11-0.77) and a 59 % lower risk of all-cause mortality (95 % CI: 0.21-0.81) compared with physically inactive patients (0 MET-h/week).
The median time between colorectal cancer diagnosis and follow-up BMI measurement was 0.8 years (interquartile range: 0.4-1.7). As with pre-diagnostic BMI, we observed no significant trend between post-diagnostic BMI and colorectal cancer-specific (p trend = 0.86) or all-cause mortality (p trend = 0.75) ( Table 3 ). In analyses with colorectal cancer-specific mortality, there was a suggested reduced risk in overweight women relative to normal weight women (HR = 0.45; 95 % CI: 0.22-0.92). However, no such association was seen between BMI and allcause mortality, and there was no association with obesity for either outcome of interest.
Discussion
The present data suggest that recreational physical activity, before and after colorectal cancer diagnosis, is associated with lower colorectal cancer-specific mortality and allcause mortality in women with colorectal cancer. Women Also adjusted for pre-diagnostic physical activity with a recreational physical activity level of C9 MET-h/ week before colorectal cancer diagnosis had a 32 % lower risk of death from colorectal cancer and a 37 % lower risk of death from any cause compared with women reporting no recreational physical activity (0 MET-h/week). A recreational activity level of 9 MET-h/week is equivalent to 3 h per week of moderate-intensity physical activity. A similar significant trend toward lower colorectal cancerspecific mortality (p trend = 0.02) and all-cause mortality (p trend = 0.005) with increasing recreational physical activity was also observed with respect to post-diagnostic physical activity. We did not observe any trend of increasing or decreasing risk of colorectal cancer-specific mortality or all-cause mortality with BMI measured pre-or post-diagnostically. Few studies have investigated physical activity in relation with colorectal cancer-specific mortality or all-cause mortality in individuals with colorectal cancer [10] [11] [12] [13] . Consistent with the current results, one prospective observational study reported lower colorectal cancer-specific mortality among physically active patients compared with physically inactive patients (HR = 0.73; 95 % CI: 0.54-1.00) [10] six months before diagnosis. In another study [11] among women with stage I-III colorectal cancer, no association with survival was seen comparing women in the highest versus the lowest quartile of physical activity (C18 MET-h/week versus \ 3 MET-h/week) before diagnosis; however, women with a post-diagnostic physical activity level of C18 MET-h/week had a significantly lower risk of colorectal cancer-specific mortality (HR = 0.39; 95 % CI: 0.18-0.82) and all-cause mortality (HR = 0.43; 95 % CI: 0.25-0.74) compared to women with a physical activity level of \ 3 MET-h/week. The latter study also found that women who increased their physical activity level after diagnosis had a 52 % lower risk of colorectal cancer-specific mortality (95 % CI: 0.24-0.97) and a 49 % lower risk of all-cause mortality (95 % CI: 0.30-0.85). Although small numbers precluded us from assessing associations with change in physical activity after diagnosis, our findings with respect to post-diagnostic physical activity are consistent with this prior report. A randomized controlled intervention program to examine the role of physical activity in survival in colorectal cancer patients is ongoing [38] and should provide greater evidence as to the utility of physical activity in cancer patients.
Several studies have investigated the association between BMI before diagnosis with colorectal cancer-specific mortality and all-cause mortality in individuals with colorectal cancer, but results have been inconsistent [16, 17, 24, 27, 30] . Meyerhardt et al. [17] found that obese women with colorectal cancer had a significantly worse overall survival (HR = 1.34; 95 % CI: 1.07-1.67) compared with normal weight women with colorectal cancer. Our results are comparable with another large cohort study of patients with Dukes B and C colon cancer in which there was no association between obesity and colorectal cancer-specific Table 3 Association between colorectal cancer-specific mortality and all-cause mortality across post-diagnostic levels of total recreational physical activity and body mass index [24] . This latter study was similar to ours with respect to the length of follow-up, and the distribution of age at diagnosis and race/ethnicity, but unlike our study, included men as well as women. One additional study has reported on the association between BMI following the completion of chemotherapy and subsequent survival in patients with stage III colorectal cancer [31] . In that study, obese patients were not at a higher risk of all-cause mortality compared with normal weight patients (HR = 0.90; 95 % CI: 0.61-1.34), possibly related to the overall poorer prognosis among those diagnosed at an advanced stage that would be less modifiable with lifestyle factors. It is possible that observed null findings for the association between pre-diagnostic BMI and survival outcomes may be explained by the timing of weight and height measurements if BMI closer to diagnosis is more important to survival. The median time between baseline BMI assessment and diagnosis was 5.8 years. In sensitivity analyses, we did examine whether the association between pre-diagnostic BMI and outcome would change when using BMI measurements taken 1-2 years before diagnosis, but found no change in our results.
There is some suggestion that the association between BMI and survival is limited to patients with colorectal cancers exhibiting specific molecular signatures [39] [40] [41] [42] [43] . One study reported an improved survival in patients with STNMI1-positive tumors (stathmin or oncoprotein-18); however, a reduced risk of colorectal cancer-specific mortality was found in obese (BMI C30 kg/m 2 ) patients with STMN1-negative tumors (HR = 0.51; 95 % CI: 0.24-1.07) compared to patients with a BMI \ 30.0 kg/m 2 [40] . Another study found that obese patients (BMI C30 kg/m 2 ) with nuclear CTNNB1-positive colorectal cancer had a significantly better colorectal cancer-specific survival (HR = 0.24; 95 %CI: 0.12-0.49) compared with obese patients (BMI C30 kg/m 2 ) with nuclear CTNNB1-negative colorectal cancer; for patients with high levels of postdiagnostic physical activity, a better colorectal cancer-specific survival (HR = 0.33; 95 %CI: 0.13-0.81) was seen for patient with negative CTNNB1 colorectal cancer [39] . Moreover, it is suggested that overexpression of fatty acid synthase, p27 (cyclin-dependent kinase inhibitor 1B), p21 (cyclin-dependent kinase inhibitor 1A) in obese patients is associated with lower survival [41] [42] [43] . This finding may imply a potential mechanism by which excess energy balance affects tumor behavior and cancer mortality. We cannot completely exclude the possibility that BMI is associated with survival in certain case groups as such molecular characterization was not conducted within the WHI.
Although we did not find an association between prediagnostic BMI and mortality after colorectal cancer diagnosis, we did find that the inverse association between pre-diagnostic physical activity and mortality was most prominent in women with a BMI of 18.5-24.9 kg/m 2 . This finding suggests that, although BMI may not be directly associated with colorectal cancer survival, it may play a more indirect role in mediating associations with other prognostic factors.
Potential biological mechanisms by which physical activity influences CRC survival are likely related, at least in part, to BMI. Although the specific mechanisms by which physical activity influences survival have not been extensively studied, it has been hypothesized that physical activity has an impact on insulin metabolism [44] [45] [46] . Increased plasma levels of insulin-like growth factors (IGF) and C-peptide are both predictors of decreased colorectal cancer-specific survival and overall survival. Physically active people may have decreased plasma levels of both IGF and C-peptide and may, therefore, increase their relative survival.
It is also plausible that reverse causality may have influenced the observed associations. That is, women with a more favorable prognosis to begin with may have been better able to engage in recreational physical activity postdiagnostically, and women who had occult disease at the time of the pre-diagnostic physical activity measurement may have been less active as a result of their undiagnosed disease. To account for the latter possibility, we excluded women with metastatic disease (stage IV); in sensitivity analyses, we also excluded women who were diagnosed B6 months after physical activity measurement; however, this exclusion did not markedly alter the results.
Limitations of this study should be mentioned. Data on cancer treatment were not available. It is unlikely that the received treatment would differ according to pre-diagnostic physical activity or BMI; however, it is plausible that response to treatment could differ by these exposures. It is also plausible that receipt of more aggressive treatment in women with more advanced disease could limit a woman's ability to engage in physical activity after diagnosis and could impact post-diagnostic BMI to a greater extent than in women who received less aggressive treatment. Additionally, women who are more active may be better able to withstand and complete treatment, which may improve their survival [47] . However, we observed no marked difference in the association between pre-diagnostic physical activity and all-cause mortality when analyses were stratified by stage at diagnosis, a strong predictor of treatment course. In addition, results were not changed when further adjusting for stage at diagnosis. Due to the self-reported nature of data collection for physical activity, misclassification is possible; however, prior validation studies have demonstrated a high degree of correlation between these data and accelerometer data in a sample of cancer patients [33] . Furthermore, although occupational and household activity may also have an effect on survival in women with colorectal cancer, we only assessed recreational physical activity and walking. Also, a high proportion of the study population had no follow-up measurement of physical activity or BMI. As such, selection bias might have been introduced in analyses of post-diagnostic exposures; however, the mean pre-diagnostic physical activity or BMI did not differ between women with post-diagnostic measurements (11.4 MET-h/week and 28.6 kg/m 2 ) and without post-diagnostic measurements (11.1 MET-h/week and 28.5 kg/m 2 ). In addition, no significant differences were seen between women who were included versus excluded from the analyses based on their clinical and demographic characteristics. Furthermore, follow-up weight for women in the observational study was self-reported after year three, while women in the clinical trial had their weight measured. We found that excluding women with selfreported weight and height after diagnosis did not alter results. Lastly, it is plausible that the association between physical activity, BMI, and survival might differ for women diagnosed with colon versus rectal cancer. Due to the limited number of patients diagnosed with rectal cancer, a separate analysis was not possible; however, adjustment for tumor site had little impact on results.
There are also several important strengths of the present analysis, including the large overall sample size, adjudication of outcomes, and the use of prospective ascertainment in the WHI. The prospective design of this study has the advantage of reducing the likelihood of recall bias as exposures were assessed before diagnosis, and also has the advantage of enrolling women prior to diagnosis such that inclusion in the study population is not influenced by the duration of survival after diagnosis. Other main strengths of this study are the accurate BMI measurements collected by trained staff and the comprehensive list of potential confounding factors. To our review, this study is one of the few studies investigating the relationship between both prediagnostic and post-diagnostic physical activity, BMI, and colorectal cancer-specific mortality and all-cause mortality.
In conclusion, these findings, along with previous studies, suggest that physical activity before and after colorectal cancer diagnosis may enhance survival, but indicate no association between BMI and survival. These data support the need for randomized trials to elucidate the effect of recreational physical activity and BMI on survival in women with colorectal cancer.
